The progressive oxidation of polycrystalline tungsten nanowires with diameters in the range of 10-28 nm is studied. The structure and morphology of the tungsten and tungsten oxide nanowires were investigated in detail by transmission electron microscopy. By observing changes in the oxide-shell thickness, a self-limiting oxidation mechanism was found to retard the oxidation rate. Surface reaction and the oxygen diffusion effects were considered in order to understand the influence of stress on the oxidation process.
I. INTRODUCTION
Metal oxide semiconductors stand out as one of the most versatile class of materials, due to their diverse properties and functionality. One-dimensional ͑1D͒ nanostructures of such materials continue to gain attention because of their unique electrical, optical, and chemical sensing properties [1] [2] [3] associated with their highly anisotropic geometry and size confinement. They are good candidates for lithium-ion batteries, catalysts, electrochromic devices, and gas sensors. [4] [5] [6] [7] [8] As such, they demonstrate promise for future nanoscale electronic, optoelectronic, and sensing applications.
Among such metal oxides, tungsten oxide 1D nanostructures have been used to construct flat panel displays, optical modulators, gas sensors, humidity/temperature sensors, and so forth. [9] [10] [11] [12] [13] [14] [15] Motivated by potential applications, different techniques for the synthesis of 1D tungsten oxide nanostructure have been developed. [16] [17] [18] [19] One of the simplest and most direct ways to synthesize 1D tungsten oxide nanostructures is through thermal oxidation of tungsten. The oxidation kinetics of the bulk tungsten ͑W͒ surface have already been well investigated for over a century. [20] [21] [22] [23] However, limited attention has been paid to the oxidation kinetics of W nanowires although such knowledge is important to achieve precise control of the oxide thickness and microstructure to optimize the performance of tungsten oxide nanowire devices. We have previously demonstrated the ability to grow single W nanowires through a field-emission induced growth ͑FEIG͒ process in the presence of an organometallic precursor. 24 Such a nanowire consists of a polycrystalline tungsten core that is covered by a thin carbonaceous coating. Through this technique, a single metallic nanowire could be grown at a predetermined location, which leads to applications such as nanotips for scanning probe microscopy and nanowire interconnects. [25] [26] [27] In the present work, the oxidation of FEIG tungsten nanowires by direct annealing in an oxygen environment is investigated. The mechanism of oxidation and investigations into the morphology of the tungsten oxide nanowire will be discussed. The objective of the current work is to provide an understanding of how oxidation kinetics is modified in a 1D nanowire geometry.
II. EXPERIMENT
Tungsten nanowires were first grown on a micromachined silicon nitride membrane die that fits into a standard 3 mm transmission electron microscope ͑TEM͒ grid holder. These dies contain bond pads at the periphery and gold-ontitanium electrodes that lead into the vicinity of the suspended 50 nm thick nitride membrane ͑Fig. 1͒. The gold electrodes serve a dual purpose. For the FEIG process, one grounded electrode ͑cathode͒ is needed from which the nanowire grows. The growth details of the tungsten nanowire can be found in previous work. 28, 29 On the other hand, in directing the nanowire to grow over the other electrodes, two-point or four-point electrical measurements can subsequently be made on the bridging nanowire. Later, a focused ion beam was used to etch several hollow slots ͑of approximately 5 m width͒ in the membrane, between the eleca͒ Electronic mail: elettl@nus.edu.sg. trodes which lie outside the membrane. These slots allow unobscured imaging of the straddling nanowires by the TEM electron beam.
The polycrystalline tungsten nanowire grown on the electrodes was then placed on a button heater in a vacuum chamber with a base pressure of 10 −6 mbar for thermal oxidation. The temperature was measured using a miniature ͑200 m͒ Type-K thermocouple in direct contact with the surface of the silicon nitride membrane die. To ensure accurate temperature measurement of the specimen, good thermal contact between the die surface and thermocouple was achieved through the use of silver paint at the point of contact. Oxidation was carried out at temperatures ranging from 400 to 500°C by admitting oxygen at 10 −2 mbar.
III. RESULT AND DISCUSSION

A. Changes in morphology during oxidation
Five tungsten nanowires with diameters ranging from 10 to 28 nm were individually grown on different silicon nitride membrane TEM dies. Prior to oxidation, each tungsten nanowire was first imaged by high-resolution TEM ͑HRTEM, Philips CM300͒ to determine the core diameter. Due to the rough surface of the nanowire, the uniformity of diameter along the wire length is poor. For example, Fig. 2͑a͒ shows a TEM image of a typical tungsten nanowire before oxidation. The diameter of an individual nanowire can range from 22 to 30 nm. Therefore a mean value was obtained by taking ten random readings along the nanowire. The mean diameter is about 25 nm with a standard deviation of 3.2 nm. In our previous studies, it was found that the tungsten nanowire is a polycrystalline aggregate with highly crystalline grains along the nanowire. Inset image ͑i͒ is an indexed selected area diffraction pattern.
After oxidation for a period of time, the nanowire specimen was taken out for TEM characterization. Figure 2͑b͒ shows the oxidized nanowire after oxidation for 1 h. Strong diffraction and mass-contrast is observed in the bright-field image, which shows the existence of two phases of different weight and degree of crystallinity in the specimen. It is suggested that the denser phase is tungsten which constitutes the cylindrical core, while the less dense phase is tungsten oxide that encapsulates the core. This can be confirmed by the HRTEM phase-contrast image ͓inset image ͑i͔͒, which corresponds to the interface area A between the core and overcoat shell. In image ͑i͒, the detected lattice spacing of the core is about 0.225 nm, which corresponds to the tungsten ͕110͖ planes. The overcoat shell layer appears to be amorphous. In order to determine its chemical nature, energydispersive x-ray ͑EDX͒ spectroscopy for selected area B was carried out. The result ͓inset image ͑ii͔͒ reveals that the region comprises mainly oxygen and tungsten. From the EDX spectrum, the atomic weight ratio of the detected tungsten to oxygen ͑W:O͒ is about 95:5. Compared to the EDX spectrum of the nanowire before oxidation in which the peak of oxygen signal could not be identified, the additional oxygen content in the oxidized nanowire is believed to come from reacted tungsten oxide in the overcoat shell region.
To monitor the progress of oxidation, the diameters of the tungsten core and thickness of oxide shell were measured after various cumulative oxidation times. Figure 2͑c͒ is a TEM image of nanowire after 4 h of oxidation, clearly showing that with the increase in oxidation time, the average diameter of the tungsten core has reduced to ϳ14 nm while the oxide layer thickness has expanded to ϳ15 nm. Finally after 12 h of oxidation, the tungsten core has reduced to ϳ4 nm in diameter while the oxide thickness is ϳ23 nm ͓Fig. 2͑d͔͒.
It is observed, first, that the oxide layer becomes increasingly nonuniform with oxidation time, which could have arisen from differences in oxidation rates for different tungsten crystallographic orientations along the polycrystalline nanowire, 30 and exacerbated by the volume expansion of the oxide. In addition, oxidation preferentially occurs at the boundaries and defects, 31 which could give rise to nonconformal oxidation along the nanowire. On the other hand, the tungsten core became increasingly uniform in diameter, and appears smooth after 12 h of oxidation. This phenomenon can be attributed to the effect of compressive stress in the oxide. In general, compressive stress arises in a growing oxide when its molar volume exceeds that of the material being oxidized. 32 In the case of tungsten oxide, the volume of a WO 3 molecule is 32.37 Å 3 , which is larger than the volume of a tungsten atom of 9.53 Å 3 . Thus a large increase in molar volume accompanies the conversion of W to WO 3 or even a suboxide. During oxidation of the tungsten, the oxygen diffuses through the previously-formed oxide layer and reacts with the tungsten atoms at the tungsten/oxide interface. The newly-formed oxide has to push out the previously-formed oxide to accommodate the volume expansion. This results in compressive stress accumulating at the tungsten oxide interface, which may limit the oxygen-tungsten reaction rate and/or the diffusion rate of oxidants to the interface. 33, 34 As a consequence, the rate of reduction in the core diameter becomes progressively smaller and finally the core approaches an asymptotically uniform diameter as shown in Fig. 2͑d͒ . This retarded oxidation phenomenon is termed as self-limiting ͑or "stress-limited"͒ oxidation which has been widely studied in Si nanowires. [35] [36] [37] It has also been observed in the oxidation of metal nanowires of tin 31 and bismuth, 38 as well as in nanodot structures. 39, 40 However, to the best of our knowledge, the self-limiting oxidation of tungsten nanowire has not been observed nor studied previously.
The remaining diameter of the tungsten core and thickness of oxide shell as a function of oxidation time for different nanowires are plotted as shown in Figs. 3͑a͒ and 3͑b͒ , respectively. For oxidation beyond ϳ6 h, the oxide growth rate and the shrinkage rate of the core progressively diminishes with time. After oxidation for about 12 h, both thickness of oxide shell and diameter of tungsten core appear to approach asymptotic values, as would be expected if the oxidation in tungsten nanowire is self-limited by oxidationinduced stress.
B. Self-limiting oxidation
At the outset, we need to determine whether the selflimiting oxidation is kinetically limited or thermodynamically limited. Assuming self-limiting oxidation will reach a constrained equilibrium state, although a residual tungsten core cannot be the lowest energy state since the oxidation reaction is highly exothermic, a deep metastable state of constrained equilibrium may, in principle, occur if a large energy FIG. 3 . ͑a͒ Tungsten core diameter and ͑b͒ tungsten oxide shell thickness as oxidation progresses.
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barrier exists in the pathway to equilibrium. To assess the likelihood of this metastable state, the incremental energy cost arising from stress built up in the oxide and the formation energy of WO 3 from W is compared. A simple elastic model yields an upper bound for the strain energy per unit column length, Y␦ 2 / 2͑1−v͒, where Y and v are the Young's modulus and the Poisson's ratio of the oxide, respectively, and ␦ is the radial expansion at the W / WO 3 interface due to the additional oxide growth. From this estimation, taking Y as about ϳ300 GPa ͑Refs. 41 and 42͒ and v as 0.2 from bulk oxide values, 43 the upper bound of energy cost per oxide molecule grown for a tungsten core diameter of 2 nm and 5 nm is estimated to be in the order 0.4 eV and 0.1 eV, respectively, which is much smaller than the 9 eV energy gained for each oxide molecule created due to the chemical reaction. Therefore a constrained equilibrium state should be ruled out. It can be concluded that oxidation of W wire is kinetically limited and the asymptotic behavior arises from accumulated interfacial stress.
To explain the oxidation process in a cylindrical Si structure under interfacial stress, Kao et al. 44, 45 proposed a model where the effects of mechanical stress on the reduction in oxidation rate at the Si/ SiO 2 interface are taken into account. In this work, Kao's model 45 is applied to explain the selflimiting oxidation mechanism in tungsten nanowires which can be described as follows.
While extending the Deal-Grove 46 approach with appropriate boundary conditions in cylindrical coordinates, the oxidation rate ͑dx 0 / dt͒ can be expressed as:
where K s is the surface reaction coefficient, D is the oxidant diffusivity in oxide, C ‫ء‬ , is the oxidant solubility in the oxide, N is the number of oxidants required to form one unit volume of oxide, h is the surface mass transfer constant of the oxidant ͑1 / h Ӷ 1 / K s , and can be neglected͒, and a and b are the radius of curvature of the tungsten core surface and the radius of oxide shell surface, respectively ͓Fig. 4͑a͔͒. Both a and b change with oxidation time.
The formation of new oxide at the tungsten surface involves a volume expansion. The newly-formed oxide expands and pushes out the old oxide, which rearranges itself through viscous flow. Because of the high viscosity ͑͒ of the oxide, the viscous oxide deformation involves large stresses, 47 which can be resolved into Ќ , the stress normal to the W/WO interface, and p, the hydrostatic pressure throughout the bulk of oxide ͓as shown in Fig. 4͑a͔͒ . The stress components in a convex cylindrical structure are shown schematically in Fig. 4͑b͒ . 45 Ќ is compressive and can be expressed as:
while p is tensile and can be expressed as:
where is a velocity constant determined from the oxide growth rate at the interface. According to Kao's model, 45 the stress-dependent parameters in Eq. ͑1͒ are reaction rate at the interface K s , oxidant diffusivity D, and oxidant solubility C ‫ء‬ . As suggested by Sutardja and Oldham, 48 C ‫ء‬ in silicon oxidation is almost independent of stress if the oxidation temperature is low ͑Ͻ800°C͒. In the present study, since both oxidant concentration and oxidizing temperature are low, we can assume the oxygen solubility C ‫ء‬ in amorphous tungsten oxide to be a stress-independent constant parameter. It was suggested by Kao 45 and Umimoto 49 that the viscosity of oxide is a function of the temperature T and hydrostatic pressure p. Sutardja and Oldham 48 modified it by considering the viscosity as a shear stress dependent parameter. Sutardja's model predicted that the viscosity is almost constant over a large range of shear stress and falls beyond a certain critical high value of shear stress. Since the shear stress decreases with an increase in oxide thickness, in the present experiment, the viscosity is assumed to remain constant at 400°C. Therefore, only K s and D are considered as stressdependent parameters during tungsten oxidation in our experiments. Again, as proposed by Kao et al. 45 and Sutardja and Oldham, 48 both parameters have an Arrhenius relationship with stress barriers as follows:
where K 0 is the stress-free reaction rate constant, D 0 is the oxidant diffusivity, k B is Boltzmann's constant. V k is the volume change corresponding to a unit chemical oxidation reaction. V d is the activation volume of diffusivity.
To understand the stress contribution to the retardation of the oxidation rate, two kinds of the self-limiting oxidation are studied, namely, ͑1͒ reaction-limited oxidation where oxidation is retarded only by the effect of stress on the interface reaction, ͑p =0͒ and ͑2͒ diffusion-limited oxidation where oxidation is influenced only by the hydrostatic pres- For reaction-limited oxidation ͓Fig. 5͑a͔͒, the simulated oxide thicknesses are lower than the experimental values. This means that in the absence of any influence from hydrostatic pressure in the oxide, the oxidation process would be more retarded due to the accumulating normal stress, Ќ , at the tungsten/oxide interface, which reduces the reaction rate, K s , by making the oxidation reaction less energetically favorable. The difference in oxide thickness between simulation and experiment is greater for a thicker nanowire, which could be attributed to the higher normal stress accumulated in the thicker nanowire. Figure 5͑a͒ indicates a trend where the normal compressive stress at the tungsten/oxide interface retards tungsten oxidation.
On the other hand, a comparison of the simulation results under diffusion-limited conditions with the experimental values shows that the oxidation process is faster in the absence of any influence from normal compressive stress at the tungsten/oxide interface ͓Fig. 5͑b͔͒. This is because in a convex nanowire structure, the hydrostatic pressure p is tensile throughout the oxide ͓Fig. 4͑b͔͒. As tensile pressure would enhance the volume of the voids in the oxide network that are occupied by the diffusing oxidant species, 34 the oxidation rate increases.
Combining the results of Figs. 5͑a͒ and 5͑b͒, it can be adduced that the oxidation is neither fully reaction rate limited, nor fully diffusion-rate limited. Both the normal compressive stress Ќ at the tungsten/oxide interface and tensile hydrostatic pressure p in the oxide play a role in the oxidation, in which the former retards the oxidation reaction rate while the latter enhances oxidant diffusion in the oxide. These two opposing stress influences give rise to the oxidation trend observed ͑Fig. 3͒.
IV. CONCLUSION
In summary, amorphous tungsten oxide nanowires were obtained through thermal oxidation of the tungsten nanowire at a temperature of about 400°C in a low pressure oxygen environment. It was found that oxidation is self-limited by accumulated stress in the oxide, which results in an amorphous tungsten/tungsten oxide core-shell structure. Nonuniformity of the oxide shell may be due to anisotropy in the oxidation rate of different crystal planes. The uniformity of the tungsten core after a period of oxidation may be attributed to the retardation of the oxidation rate. The simulations based on Kao's model show that self-limiting oxidation is 
